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Recent experiments demonstrate that molecular motors from the Myosin II family serve as cross-
links inducing active tension in the cytoskeletal network. Here we revise the Brownian ratchet model,
previously studied in the context of active transport along polymer tracks, in setups resembling a
motor in a polymer network, also taking into account the effect of electrostatic changes in the motor
heads. We explore important mechanical quantities and show that such a model is also capable
of mechanosensing. Finally, we introduce a novel efficiency based on excess heat production by
the chemical cycle which is directly related to the active tension the motor exerts. The chemical
efficiencies differ considerably for motors with a different number of heads, while their mechanical
properties remain qualitatively similar. For motors with a small number of heads, the chemical
efficiency is maximal when they are frustrated, a trait that is not found in larger motors.
PACS numbers: 05.70.Ln, 87.16.A-, 87.16.Nn
I. INTRODUCTION
The cytoskeleton of a cell mainly consists of long semi-
flexible actin polymers and myosin II molecular mo-
tors [1]. These motors contain several heads that are able
to bind to polymer filaments and walk along them [2].
The mechanism for walking relies both on a chemical
cycle in the motor’s head and on the asymmetry of a
periodic electrostatic potential along such a polymer [3].
The cytoskeleton serves multiple purposes: transporting
large vesicles, providing the cell’s stiffness, driving the
separation of the cell during cytokinesis and governing
the cell’s motility, i.e. the ability of the cell to move and
change its shape [1, 4, 5]. The part of the cytoskeleton
that plays a crucial role in the stiffness and motility of
the cell is the actin-myosin cortex [6], which will serve as
the exemplary system in this paper.
Recently, it has been argued that the main role of
myosin II motors inside the cytoskeleton is to generate
tension in the actin polymer network [7–9]. Therefore,
the main goal of this work is to capture the behavior of
myosin II motors in such a network and to introduce an
efficiency of the motor that is not related to transport,
but rather to tension in the motor. We show that this
efficiency is directly related to the net supply of energy
provided by the chemical cycle and we investigate how
this chemical efficiency depends on ATP concentrations
and on the external force on the system. However, before
we do so, we revisit certain features of molecular motors
in a simple Brownian ratchet model [10] with constant
chemical rates and relate the force-velocity relation to
the mean force generated by the ratchet potential and to
the tension in the motor.
Cytoskeletal polymers exhibit a sequence of monomers
that cause a periodic structure [11]. These monomers are
polarized, so that when chained together in a polymer,
they give rise to an asymmetric, ratchet-like, electrostatic
potential along the length of the filament [12, 13]. A sim-
plified version of such a potential, used in this work, is
shown in Fig. 2. The heads of a myosin II motor also
carry an electric charge [14] and therefore feel the saw-
tooth potential of the filaments. The chemical cycle that
powers the molecular motor is driven by ATP molecules
that can attach to a head of the motor, causing it to
change the charge distribution of the head [15]. As a
consequence, the head loosens its bond with the poly-
mer filament. When bound to a motor head, the ATP
molecule will hydrolyze to ADP and release a phosphate
[16]. It this state, the head can attach to the polymer
again, ADP will be released from the motor head and
the chemical cycle can start over. Hence, the chemi-
cal state of a motor head in our model will determine
how strongly it can be coupled to a cytoskeletal filament
[12, 13]. Therefore, the head will experience a sawtooth
potential that is stochastically flashing in time, changing
the amplitude of the potential from high to low.
This mechanism provides a motivation for using
ratchet models, where the motor heads interact with a
periodic asymmetric potential that changes depending
on the chemical state of the head. The basic cycle of the
ratchet model works as follows: Whenever a motor is in
a state where no ATP is bound to heads, i.e., the state
in which the motor is tightly bound to the filament, the
head will most probably be very close to a minimum of
the ratchet potential. On the other hand, while in the
state where the ATP is bound to heads, it is easier for the
motor to diffuse over a larger distance. Due to the asym-
metry of the ratchet potential, the motor will be biased
to explore one side of the ratchet potential rather than
the other. Therefore, the motor will more likely jump to
an adjacent period of the sawtooth in the preferred direc-
tion, indicated by the asymmetry of the ratchet potential
[10]. This will eventually lead to directed motion of the
motor on long timescales [3, 17, 18].
Ratchet models have already been studied extensively
in the context of molecular motors [3, 10, 19–25]. The
models, used in these studies, are very similar to each
other but often differ in some basic assumptions. The
specific model that we have studied is presented in sec-
tion II. It has the important trait that the chemical rates
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2do not depend on spatial degrees of freedom, the saw-
tooth potential has a non-zero amplitude in all states and
motor heads can attach and detach anywhere along the
polymer filament. Furthermore, the rates in our model do
not depend on external forces acting on the motor but
solely on concentrations of chemicals involved in ATP
hydrolysis. We assume that constant concentrations are
maintained in the environment at all times. While for dis-
crete models force depended rates are deemed necessary
to reproduce experimental results [26], in the scope of this
study, constant rates will prove to suffice. The type of
motor that we study is non-muscle myosin II, which has
a small number of heads [2]. These non-muscle myosin II
motors are crucial to the motility of most eukaryotic cells
[6].
In muscle cells and in experimental studies with syn-
thetic myosin motors, the number of heads per motor is
also much higher than in non-muscle cells [27]. For those
motors, mean-field calculations have led to analytic re-
sults for the force-velocity relation [21], which play an im-
portant role in interpreting and understanding those in-
vitro experiments. For motors with fewer heads, mean-
field methods are not suitable and numerical simulations
prove to be useful.
In section III we describe the dynamics of this motor-
polymer system in detail by means of numerical methods.
Specifically we study the mean velocity, force – velocity
relation and stall force of myosin II motors in order to
verify our proposed model.
As the main role of the myosin II motor is to generate
tension in the actin polymer networks [7–9], we investi-
gate the tension in the motor in section IV for multiple
setups, mimicking the typical polymer environment, e.g.,
the coupling of the motor to an elastic environment. Ear-
lier studies have also shown that myosin II motors are
able to sense the stiffness of their environment and that
they can adapt the active forces that they generate ac-
cordingly [28, 29]. In those studies, the chemical rates did
depend on the load on the motor. We show that our sim-
ple ratchet model with constant rates is not only capable
of capturing this important biological trait, it naturally
emerges from the dynamics of the system without any
additional assumptions.
Another important aspect of molecular motors is their
ability to convert chemical energy into mechanical work
[20]. The chemical cycle of ATP hydrolysis consists of
many consecutive reactions and after one full cycle a net
amount of energy is provided to the motor head [16].
However, often this cycle is represented by only two states
[3, 21], e.g. ATP bound and ADP bound, in which case a
stochastic process on these states always satisfies detailed
balance and no chemical energy can be extracted. In
other words, the energetic gain of one reaction is canceled
by the cost of the following reaction. Nevertheless, since
the chemical process is coupled to a diffusion process,
we do break detailed balance in our model, as the energy
gain per transition varies while the rates remain constant.
In section V, we look at the energy balances in var-
Figure 1. Basic setup: The backbone of the myosin motor
is shown with four heads at distance d from each other. The
load Fload is applied only on myosin and the actin filament
is freely diffusing. A force Fr is generated by the ratchet
interaction and causes movement in a preferred direction.
ious setups of a myosin II motor interacting with actin
filaments. We link the excess heat for the chemical cy-
cle to the ratchet force and consequently to the active
tension produced by the motor. This consideration leads
to a novel way of defining a chemical efficiency, which is
presented in section VI. This efficiency compares the net
amount of energy that is extracted from the ATP cycle to
the total energy that is supplied to the motor. Simulta-
neously, we show that the chemical efficiency relates the
chemical input, measured by the differences in potential
energy in each jump, to its active tension, rather than to
its displacement. We investigate how this efficiency de-
pends on the external load, number of heads of the motor
and ATP concentration. Consequently, we find that mo-
tors with a low number of heads, contrary to those with
a high number of heads, achieve maximal chemical effi-
ciency when they are frustrated, i.e., close to maximal
tension. That contrasts with the observation that from
the mechanical perspective there is no qualitative differ-
ence between them.
II. THE RATCHET MODEL
To investigate the movement of myosin along the actin
filament and the forces it generates, we consider the fol-
lowing one–dimensional model. At first, we assume that
the rigidity of the actin polymer and myosin backbone is
high enough so that their elongations can be neglected.
Secondly, we assume that all myosin heads are attached
directly to the myosin backbone at fixed equidistant posi-
tions; see Fig. 1. These simplifications allow us to model
both the motor and the filament as point particles un-
dergoing overdamped diffusion in the inter-cellular envi-
ronment [30]. Moreover, each myosin head has internal
(chemical) states, e.g. telling whether or not there is an
ATP bounded to the myosin head.
The dynamics of the positions is described by coupled
3Figure 2. Ratchet model: the interaction between a myosin
head and the actin polymer is given via a sawtooth potential
with height V , period ` and skewness parameter a. The tran-
sition between ATP bound and unbound state is governed by
rates λb, λu respectively, and is associated with the chemical
energy ∆E. In the bound state the ratchet potential is scaled
down by factor c.
overdamped Langevin equations
dxM = − 1
γM
[∇MVt(xM(t)− xA(t)) + Fload] dt
+
√
2kBT
γM
dWM, (1)
dxA = − 1
γA
∇AVt(xM(t)− xA(t)) dt
+
√
2kBT
γA
dWA, (2)
where xM denotes the position of the motor’s first head,
xA denotes the position of an arbitrary reference point on
the actin filament, γ is the Stokes drag, T is the absolute
temperature of the environment, WM and WA denote in-
dependent Wiener processes, Fload is an external load on
the motor, and the interaction potential Vt represents the
overall ratchet interaction, which is the sum over individ-
ual contributions from all motor heads,
Vt(x) =
N−1∑
i=0
ζt(i)Vr(x− i d), (3)
where d is the distance between myosin heads, N is the
number of heads per motor, ζt(i) represents the internal
state, and Vr is the periodical ratchet potential; see Fig. 2,
Vr(x) =

Vr(x+ `) x < 0
V x
a`
0 ≤ x < a`
V (`− x)
(1− a)` a` ≤ x < `
Vr(x− `) ` ≤ x
, (4)
with total height V , period ` and skewness parameter
a ∈ [0, 1].
The dynamics of the internal state of heads is governed
by a continuous time Markov proces on two states with
constant rates,
ζt = 1
λb

λu
ζt = c, (5)
where c ∈ [0, 1] determines the amplitude of the ratchet
potential when the motor is weakly interacting with the
filament, which we use to account for changes in the free
energy landscape [12, 13].
This choice is justified by multiple considerations:
First, in our model the internal state represents whether
ATP (or one of its products) is bound or unbound to
the myosin head, rather than the binding of the myosin
motor to the actin filament itself. In other words, the in-
ternal state characterizes the electrochemical properties
of the head, which further determine the magnitude of
the interaction potential with the actin filament.
Secondly, we assume that whether the head itself is
bound or not has no influence on the binding site of the
ATP molecule. In other words there is no effective de-
pendence of the dynamics of the chemical cycle on the
relative position of myosin and actin.
Similarly, we assume that an external load does not
influence the binding site of ATP on the motor head.
It only acts on the motor backbone and opposes forces
originating from the ratchet interaction.
Finally, we simplify the full chemical network govern-
ing the internal states of myosin II [31, 32] to only two
states, which represent the long lasting states that signif-
icantly change the physical properties of the motor head.
Namely, we look at states where either ATP is bound
or ADP is bound to the myosin head, as escape rates
from those states are small with respect to other tran-
sitions [31]. For these states, the estimated free energy
landscapes [12, 13] very well reflect the changes in con-
formation and electric charge of the myosin head [14].
Note that while the rates λb, λu are independent of
the load, they depend on the concentrations of the rele-
vant chemical species involved in ATP hydrolysis. More
specifically λb is proportional to [ATP] while λu is in-
versely proportional to [ADP] and [Pi].
In order to obtain transition rates between these two
states, we start from the three state model introduced
by Albert et al. [29], which we further simplify by unify-
ing the states corresponding to the hydrolized ATP (i.e.
ADP+P) and ADP with P released, as this process oc-
curs on a much shorter time-scale than other transitions.
While both the diffusion and the jump process are
in equilibrium separately, the mechanism of the flashing
ratchet brings the combined system out of equilibrium,
leading to movement of the motor in a preferred direc-
tion, given by the asymmetry of the filament [3, 18].
Fig. 1 depicts the whole setup of the system and Fig. 2
depicts the dynamics involved in flashing ratchet. Ta-
ble I lists the values of the parameters used in this
model. Some of them were taken from the litera-
ture while others were fitted, leading to realistic mean
4Parameter Symbol Value Units Source
Thermal energy kBT 4.28 pN nm —
Number of heads N 4 — [2]
Head’s spacing d 15 nm [2]
Step length ` 8 nm [40]
Binding rate λu 40 s
−1 [29]
Detaching rate λb 80 s
−1 [29]
Skewness a 0.25 — —
Potential amplitude V 40 pN nm —
Potential scaling c 0.3 — [12, 13]
Chemical energy gap ∆E 30.4 pN nm [16]
Motor friction γM 0.66 pN µs nm
−1 [37, 38]
Actin friction γA 0.97 pN µs nm
−1 [37, 38]
Table I. Table of all parameter values and a reference to their
source.
relative velocities [33, 34] and stall force [35, 36] for
myosin II. The friction coefficients have been calculated
with Stokes’ law [37, 38], using the known dimensions of
the molecules [2, 11] and the viscosity of the intracellular
medium [39].
A. Alternative setups
The previously introduced setup, shown in Fig. 1, is
most commonly studied [10, 19, 21, 23, 34–36], with the
aim to characterize the transport induced by molecular
motors. However, recent experiments show that the main
role of myosin II motors is to cross-link the cytoskeleton
[7] and consequently produce an active tension inside the
network [8, 9]. As we want to investigate also the va-
lidity of our model under these conditions, we present a
couple of natural extensions to this setup, more faithfully
capturing the behavior of myosin II motors inside these
networks. The original setup will be further referred to
as “load on the motor”.
1. Load on the polymer
The first alternative is very similar to the scenario of
“load on the motor”, but now with the external load ap-
plied to the polymer instead of the molecular motor. This
corresponds to a situation where the motor is attached
to the polymer, which itself is under the tension due to
the action of other motors and complex interactions in
a larger network. As we show later, in this setup the
tension on the motor vanishes for large loads, which will
be relevant for our discussion of the chemical efficiency.
The basic scheme of this setup is depicted in Fig. 3.
As was advertised, the equations of motion are very
similar to those of the “load on the motor”, i.e. (1) and
Figure 3. In this illustration, a variation of the basic setup
is shown. Now, the load Fload is applied on actin polymer in-
stead of the myosin motor. Also the orientation of the ratchet
potential along the polymer is reversed.
Figure 4. Setup of a motor interacting with two actin fila-
ments that experience equal but opposite loads.
(2).
dxM = − 1
γM
∇MVt(xM(t)− xA(t)) dt
+
√
2kBT
γM
dWM, (6)
dxA =
1
γA
[Fload −∇AVt(xM(t)− xA(t))] dt
+
√
2kBT
γA
dWA. (7)
In these equations, the argument of the ratchet poten-
tial is preserved, while the load Fload is applied on the
polymer and its direction is reversed with respect to the
“load on the motor” setup. This ensures that the mean
relative velocity of the motor with respect to the polymer
is directly comparable in both setups. The equations of
motion of this setup can be mapped into the “load on the
motor” setup by interchanging the label of myosin and
actin along with inverting the x-axis, i.e. γM ↔ γA and
xM ↔ −xA.
2. Tug of war
A third setup that we investigate is a natural exten-
sion of the previous setup, but now the myosin motor is
interacting with two, rather than one, anti-parallel actin
filaments. The external load is again applied directly to
the filaments instead of to the motor, as demonstrated in
Fig. 4. This corresponds to a situation where the motor is
actively cross-linking two polymers, which are subjected
to the tension caused by other motors and other external
5Figure 5. Illustration of a motor pulling on two actin filament
that are each connect to a wall by a spring.
influences. Hence the equations of motion read
dxM = − 1
γM
∇M
[
Vt(xA1(t)− xM(t))
+ Vt(xM(t)− xA2(t))
]
dt+
√
2kBT
γM
dWM,
dxA1 = −
1
γA
[Fload +∇A1Vt(xA1(t)− xM(t))] dt
+
√
2kBT
γA
dWA1 ,
dxA2 =
1
γA
[Fload −∇A2Vt(xM(t)− xA2(t))] dt
+
√
2kBT
γA
dWA2 ,
(8)
where subscripts A1 and A2 respectively denote the first
and second actin filament and where the anti-alignment
of polymers is represented by reversing the sign in the
argument of the ratchet potential (3) for polymer A1.
3. Elastic environment
As polymers inside the cytoskeleton are usually thor-
oughly interconnected rather than freely diffusing [41,
42], we can opt for an alternative approach. Rather than
applying an external load we attach filaments to fixed
points by a spring with constant stiffness ksp, similarly to
the approach discussed in [29]. These represent points of
interaction with the rest of the network while the spring
stiffness ksp represents the elastic properties of the full
network. The myosin motor is again interacting with
two filaments that are arranged in an anti-parallel fash-
ion. Hence, similar to the previous case, it no longer has
a preferred direction of motion and it eventually reaches
a steady state where its mean velocity will become zero.
The observable of interest is now the mean force that
the motor applies to the filaments, which is obtained via
the extension of the springs attached to the filaments,
and which represent the active tension in the network
produced by the single myosin minifilament. The corre-
sponding setup is sketched in Fig. 5.
The equations of motion are just a modification of (8),
i.e.,
dxM = − 1
γM
∇M
[
Vt(xA1(t)− xM(t))
+ Vt(xM(t)− xA2(t))
]
dt+
√
2kBT
γM
dWM,
dxA1 = −
1
γA
[∇A1Vt(xA1(t)− xM(t))
+ ksp (xA1(t)− xA1(0))
]
dt+
√
2kBT
γA
dWA1 ,
dxA2 = −
1
γA
[∇A2Vt(xM(t)− xA2(t))
+ ksp (xA2(t)− xA2(0))
]
dt+
√
2kBT
γA
dWA2 ,
(9)
where the load is replaced by the force caused by springs
and where the reference point for the springs is chosen as
their position at some initial time.
B. Numerical method
We use an Euler-Maruyama integration scheme to
stochastically evolve the systems from a randomized ini-
tial configuration [43, 44]. Waiting times between chem-
ical jumps are generated by a Gillespie algorithm [45].
Most results are obtained after evolving the system up
to a time of 1 s with time step ∆t = 0.01 ns and averag-
ing over 100 independent copies. An exception is the data
in Fig. 16, obtained after a time-average every 1 ms over
10 s with time step ∆t = 0.01 ns and ensemble average
over 1000 independent copies. Finally, to obtain the em-
pirical distribution in Fig. 19, we sampled every 0.5 ms
for a total time of 1 s with time step ∆t = 0.001 ns
and from 100 independent simulations. The data were
converted into a histogram with a bin width of 0.1 nm.
III. MODEL VERIFICATION
As our model deviates from the traditionally used
ratchet model, as discussed in section II, we need to ver-
ify that we can reproduce the behavior reported in the
literature for flashing ratchet models and myosin II mo-
tors. The mean velocity, force–velocity relation and the
stall force are numerically obtained for our model.
A. Mean velocity
We start with a study of the mean velocity of a four-
headed motor in the “load on the motor” setup,
〈v〉 = 〈dxM〉
dt
− 〈dxA〉
dt
, (10)
610-4
10-3
10-2
10-1
100
 0  0.2  0.4  0.6  0.8  1
〈v〉
 (µ
m
/s)
c
Figure 6. Mean velocity 〈v〉 of the motor relative to the actin
filament for c ∈ [0, 1]. The mean velocity rapidly vanishes
towards equilibrium, c→ 1. The solid green line corresponds
to the fit 〈v〉 ∝ exp(− α
1−c ).
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Figure 7. Mean velocity of the motor relative to the actin
filament 〈v〉 for varying λb. The velocity decreases to 0 for
large discrepancies between binding and unbinding rate and
reaches maximum when they are comparable. Note that the
ATP binding rate λb is shown in units of λu on a logarithmic
scale.
for different values of the scaling factor c and without
any external load Fload = 0. Since the scaling factor
c modifies the interaction strength between the motor
and the polymer, it effectively models the electrostatic
screening of the charges in the ionic solution inside a cell
[14]. Note that in this particular case, where there is no
external load, setups “load on the motor” and “load on
the polymer” coincide.
From Fig. 6 we conclude that the mean velocity has a
maximum at c = 0 and goes to zero when c approaches
1. This result is expected since c = 1 corresponds to
equilibrium, where there is no difference between the two
internal states, cf. (5). On the other hand, for c = 0 we
have the biggest discrepancy between the two internal
states of each head.
Secondly, the mean velocity (10) also depends on the
concentration of ATP through the binding rate λb. In
this setup, we fix the ATP unbinding rate λu and scal-
ing factor c, cf. table I, and vary the ATP binding rate
λb. The resulting dependency is shown in Fig. 7. We ob-
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Figure 8. Mean velocity 〈v〉 of the motor as a function of
the load force Fload for c = 0.3 and for various ATP binding
rate λb. The solid black line corresponds to a situation where
there will be no interaction with the actin filament, i.e. 〈v〉 =
−Fload/γM.
serve that the maximal velocity is reached for rates close
to λb = λu. Deviating far from this ratio means that
one of the states become dominant and thus the system
effectively approaches equilibrium. The main difference
between λb/λu being low or high is the mean amplitude
of the interaction with actin. In the ATP bound state
the interaction is weaker, which is reflected in the fact
that the system is trapped for shorter times close to the
local minima and diffuses more. Hence, the variance of
the relative velocity is higher when compared to the ATP
unbound state.
B. Force–velocity relation
In the previous section, we reported on the mean rela-
tive velocity for a motor in the “load on the motor” setup
without any external load. Here we focus on the depen-
dence of the mean relative velocity (10) on an external
load force Fload applied on the motor anti-parallel to the
preferred direction, cf. Fig. 1.
Fig. 8 shows a typical force – mean velocity relations
for various ATP binding rates λu, which represents the
dependency on ATP concentration. For small load forces,
the interaction with an actin polymer provides an addi-
tional friction force countering the load force, which re-
sults in small response of the relative velocity 〈v〉. For
larger forces the system looses its resilience and the con-
tribution from the load will dominate. The larger the
load, the more the velocity will approach the velocity of
a non-interacting motor,
〈v〉  − 1
γM
Fload.
We prove this dependency in appendix B. Curves for
higher ATP binding rates are closer to the curve for the
completely unbound motor. As the motor is more loosely
bound to the polymer, it is more submissive to the ex-
ternal load. Such a force-velocity relation was already
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Figure 9. Mean velocity 〈v〉 of the motor as a function of
the load force Fload for c = 0.3 and for motors with different
number of heads N . The solid black line corresponds to a
non-interacting motor, i.e. 〈v〉 = −Fload/γM.
presented in [10] for a flashing ratchet, representing a
motor with a single head.
A similar plot is shown in Fig. 9, where instead of
varying ATP binding rate λb we look at motors with
different numbers of heads N . Motors with only one
head are very susceptible to external loads and the force
from the ratchet offers little resistance. On the other
hand, the motors with four and sixteen heads have almost
identical force–velocity relations. However, it would be
naive to consider these motors identical as they behave
very differently regarding their energetics, which we will
discuss in section VI.
A comparison of the force–velocity relation for alterna-
tive setups with the “load on the motor” setup is provided
in appendix A.
C. Stall force
From Fig. 8 it is apparent that when applying a force
against the preferred direction of the motor, the motor
first slows down until it stops before it reverses its di-
rection. The force magnitude that is needed to stop the
motor’s movement relative to the actin filament is called
the stall force Fstall,
〈v(Fload ≡ Fstall)〉 = 0.
Fig. 10 shows a zoomed in version of Fig. 8 for small
loads, opposite to the motor’s preferred direction of mo-
tion. The intersections with the horizontal axis corre-
spond to stall forces, while intersections of the curves
with the vertical axis correspond to the mean velocities
for system without any external load, compare Fig. 7.
We see that for small loads the mean velocity decreases
linearly with increasing load. Moreover, the slope of the
force – mean velocity relation increases with the binding
rate λb, that is responsible for the monotonous decrease
of the stall force Fstall with respect to the ATP bind-
ing rate λb, see Fig. 11. When the ATP binding rate
 0
 0.2
 0.4
 0.6
 0.8
 1
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Figure 10. Mean velocity of the motor 〈v〉 with a small load
force Fload applied in the direction opposing the movement
for different ATP binding rates λb. Intersections with the x
axis correspond to stall forces Fstall for given detach rates.
With increasing λb/λu the slope increases and the full curve
shifts in the low force region, causing a persistent decrease in
stall force. Note that both λb = 0 and λb = ∞ correspond
to equilibrium where the mean velocity for zero load and the
stall force are zero.
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Figure 11. Stall force Fstall for different ATP binding rates
λb. The power-law decay Fstall ∝ λ−αb with exponent α =
1.002±0.014, which is in good agreement with the dependence
Fstall ∝ 1/λb in the simple ratchet model of [20].
increases, so does the fraction of time in which the mo-
tor is weakly interacting with the actin filament. Hence,
on average it takes a smaller load to halt a motor since
the amplitude of its confining potential is typically lower.
Ultimately, when the system is found only in the ATP un-
bound state the relative mean velocity is zero, 〈v〉 = 0,
as the system reached an equilibrium and thus the stall
force reaches zero as well, Fstall → 0.
IV. TENSION
While the force–velocity relation captures the non-
linear nature of the motor’s transport, it alone does
not truly capture its behavior inside polymer networks.
There, the myosin II minifilament typically crosslinks
two polymers being not necessarily displaced on aver-
8age. This is demonstrated in setups “tug of war” and
“elastic environment”. However, as we show in this sec-
tion, the motor exerts an active tension in the system.
This tension is further propagated through actin poly-
mers over the full network up to the cell membrane and
largely contributes to the overall stiffness of the cell [7–9].
A. Ratchet force
In order to define a tension generated by the motor, we
first need to evaluate all forces applied on the motor in
the steady state. In the equation of motion for the “load
on the motor” setup (1) we identify the force generated
by the ratchet potential as
Fr = −∇MVt(xM − xA) = ∇AVt(xM − xA). (11)
Without the ratchet interaction the motion of the myosin,
relative to the actin filament, would satisfy γM〈v〉 =
−Fload. The discrepancy in the relation for the free mo-
tor, up to a pre-factor, equals the mean force exerted via
the flashing ratchet 〈Fr〉, see also equation (B3) in ap-
pendix B. By taking the mean value of equation (1), we
can extract the mean ratchet force in terms of external
load and mean relative velocity as
〈Fr〉 = γAγM
γA + γM
(
〈v〉+ Fload
γM
)
. (12)
Note that this is the same, up to a scaling factor, as
the distance between the force-velocity curves and the
ratchet-free curve in Fig. 8. Also note that, using the
re-scaled parameters (E2) introduced in appendix E, we
can write the mean ratchet force as 〈Fr〉 = γ∗〈v〉 − F ∗.
We will discuss the ratchet force in other setups later on
in the context of the tension for those setups. The typical
behavior of the mean ratchet force in the “load on the
polymer” setup is discussed in appendix C.
B. Tension in the motor
Since both the load and ratchet force are directly ap-
plied on the respective ends of the motor in the “load on
the motor” setup, the tension applied to the motor τM
is proportional to their difference. Here we consider the
contribution from the thermal force and from the drag
negligible in the steady state as they are typically ap-
plied at the center of the mass of the motor. We choose
the sign of the tension in such a way that a positive value
corresponds to a pair of forces applied on each end of the
motor in the direction away from the motor, i.e.,
〈τM〉 = 〈Fr〉+ Fload
=
γAγM
γA + γM
〈v〉+
(
1 +
γA
γA + γM
)
Fload, (13)
where we will consider the contribution from the ratchet
potential as an active component of the tension, i.e.
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Figure 12. The dependence of the tension (13) 〈τM〉 on the
load force Fload for different ATP binding rates λb. We can
see that with increasing ATP binding rate there is a faster
departure from the small load regime towards the large load
asymptotic behavior.
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Figure 13. The dependence of the tension (13) 〈τM〉 on the
load force Fload for different number of heads. We observe
a similar behavior as in Fig. 12 for the motor with four and
sixteen heads which seems to be indistinguishable, while the
motor with a single head departs very rapidly from the low
force regime.
τ
(A)
M ≡ Fr, in this particular setup. Note, that we omit
the normalization by the length of the motor as it is just
a division by a constant due to the infinite rigidity of the
motor in our model. In a similar fashion we can define
the tension on the polymer as
〈τA〉 = −〈Fr〉
= − γAγM
γA + γM
〈v〉 − γA
γA + γM
Fload. (14)
We plot the tension on the motor as a function of the
load Fload in Fig. 12 for various ATP binding rates and in
Fig. 13 as a function of the amount of heads on a motor
N . We observe that for small loads the tension is linear
in load, in good agreement with the observation of the
plateau in the force velocity relation; see Fig. 8. In that
regime, the velocity is small compared to the initial load
as most of the load is countered by the ratchet interac-
tion. Hence only the second term in (13) contributes to
9the tension,
〈τM〉 ≈
(
1 +
γA
γA + γM
)
Fload. (15)
For large forces, the motor slips over the potential and
thus the mean ratchet force 〈Fr〉 approaches zero, as can
be seen in Figs. 30 and 31. Hence, the large force asymp-
totic is given solely by the load
〈τM〉  Fload for Fload → ±∞. (16)
That is further supported by calculations of the mean
velocity for a motor with a single head, provided in ap-
pendix E, cf. equation (E7).
1. Load on the polymer
A similar analysis can be made for alternative setups
presented in Section II A. In the case where the load is ap-
plied directly to the polymer instead of the motor, cf. the
setup “load on the polymer,” the motor only experiences
a force from the ratchet interaction with the polymer and
not from a load. Therefore, the tension on the motor is
given only by the mean ratchet force, cf. equation (12),
where the load must be divided by γA since the load is
exerted on the actin filament instead of the motor, i.e.
〈τM〉 = 〈Fr〉 = γAγM
γA + γM
(
〈v〉+ Fload
γA
)
. (17)
Following the same argumentation as in the “load on the
motor” setup, for small loads, the tension is given by
〈τM〉 ≈ γM
γA + γM
Fload. (18)
This is similar to (15), where the motor experiences the
load directly, up to an exchange of friction coefficients of
the motor and actin filament.
Furthermore, since the load is not directly applied to
the motor in this setup, the overall term Fload is not
present. Therefore, the tension vanishes for large load
in the same way that the relative velocity approaches
−Fload/γA; see appendix C,
〈τM〉 ∝ F−1load for Fload →∞. (19)
2. Tug of war
In the case of Section II A 2, the motor is aligned anti-
parallel between two actin polymers.
We again start from the mean velocities for all compo-
nents of the system in this setup (8),
〈vA1〉 = −
1
γA
(〈Fr1〉+ Fload) ,
〈vM〉 = 1
γM
(〈Fr2〉+ 〈Fr1〉) ,
〈vA2〉 =
1
γA
(Fload − 〈Fr2〉) ,
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Figure 14. Mean velocity of the frustrated motor between
the two filaments under load. The variance of the motor’s
velocity grows as the load increases. For even larger loads the
motor and filaments start slipping and the variance decreases
again.
where A1 and A2 denote the two different actin filaments
and Fr1 and Fr2 are the ratchet forces (11) between the
motor and respectively filament A1 and A2,
Fr1 = −∇MV (xA1 − xM),
Fr2 = −∇MV (xM − xA2).
Note, that due to the symmetry of the setup in the
steady state the mean velocity of the myosin is inherently
zero,
〈vM〉 = − 1
γM
[〈∇MVt(xA1(t)− xM(t))〉
+ 〈∇MVt(xM(t)− xA2(t))〉
]
= − γA
γM
[〈vA1〉+ 〈vA2〉] ≡ 0,
which is demonstrated in Fig. 14.
Although the load is not applied to the motor directly,
the motor is subjected to a tension due to interaction
with both actin filaments. This tension is again given by
the difference in the forces applied to the respective ends
of the motor,
〈τM〉 = 〈Fr2〉−〈Fr1〉 = 2Fload−γA (〈vA2〉 − 〈vA1〉) . (20)
The tension in the motor for the different setups is shown
in Fig. 15, compared to the tension in the setups with
only one actin filament.
For small loads, ratchet forces balance the load applied
on both filaments. The tension is thus approximately
proportional to twice the load
〈τM〉 ≈ 2Fload.
This behavior is similar to the tension in the previously
discussed setups “load on the motor” and “load on the
polymer” setup; cf. equations (15) and (17), where
the proportionality constants are 1 + γA/(γA + γM) and
10
-60
-40
-20
 0
 20
 40
 60
-150 -100 -50  0  50  100  150
〈τ M
〉 (
pN
)
Fload (pN)
Tug of war
- Small load
Load on the polymer
- Small load
Load on the motor
- Small load
- Large load
Figure 15. Tension in the motor 〈τM〉, comparison between
setup II A 2 with two loaded filaments, setup II A 1 with one
loaded filament and the basic setup with the load on the mo-
tor. The tension for small loads follows the same trend for
the basic setup and “tug of war”, whereas for large loads the
tensions agree for the setups without a load on the motor.
That is because, only in the case when the load is applied
directly on the motor, it remains under tension even for large
loads.
γM/(γA + γM) respectively. Note that the proportion-
ality constant for the “load on the motor” setup, which
lies in the closed interval [1, 2], is always bigger than or
equal to the one in the “load on the polymer”, which is
in the interval [0, 1], and smaller than or equal to the
one in the “tug of war” setup. In the “load on the poly-
mer” setup, the tension in the motor does not build up as
fast with increasing load because the motor experiences
a ratchet force only from one actin filament. The initial
tension there is less than half of the tension in the setup
with two loaded filaments. This suggests that the ratchet
force, per motor head, is better transmitted to the motor
in the “tug of war” setup. That is confirmed by Fig. 15
and represents our first result.
As described earlier, the motor starts to slip when the
load is increased. Consequently, the mean ratchet force
decreases, cf. Fig. 30 and 31, and the increase in tension
diminishes, as shown in Fig. 15. This behavior underlines
the main difference between the “tug of war” and “load
on the polymer” setups and the “load on the motor”
setup, where the load is applied directly to the motor.
Furthermore, as the ratchet force vanishes for large load,
a residual tension from the load remains. However, in
the “tug of war” and “load on the polymer” setup, this
residual tension is not transmitted further to the motor
due to the vanishing ratchet interaction.
Finally, the variance of the motor velocity, cf. Fig. 14,
seems to behave similarly to the tension on the motor
in Fig. 15. While the mean velocity stays close to zero,
the variance increases as the tension builds up in the
motor. As the motor begins to slip over the filaments,
the variance appears to decrease again. The asymmetry
with respect to reversal of the load comes again from the
inherent asymmetry of the ratchet potential.
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Figure 16. Mean tension 〈τM〉 on the motor for varying spring
stiffness ksp. Lower stiffness enables the polymers to find a
local minimum of the ratchet potential more easily, thus the
exerted force is lower as the contribution of ratchet potential
is minimized. On the other hand, high stiffness leads to sat-
uration of the exerted force as the main contribution is given
by the ratchet potential. The insert depicts the mean tension
as a function of the spring stiffness on semi-log scale. Note
that the exact trend for large stiffness remains undetermined
due to the quickly growing variance of the tension.
C. Mechanosensing
The last setup, introduced in Section II A, is the case
where the motor is situated between two anti-parallel
actin filaments, which are attached to a wall via springs,
see sketch in Fig. 5. Similarly as in the previous setup,
the tension in the motor is given by the difference of
the ratchet forces applied on it. However, in this setup,
there is no external load on actin polymers and thus in
the steady state we have a simple balance between the
ratchet interaction and springs. That means that the
tension on the motor is given by
τM = 〈Fr2〉 − 〈Fr1〉 = ksp (〈∆x2〉 − 〈∆x1〉) ,
where ksp is the spring stiffness and ∆x1 = x1(t)− x1(0)
(∆x2 = x2(t) − x2(0)) is the extension of the spring at-
tached to first (second) actin. The tension is plotted
in Fig. 16 for different stiffnesses ksp that represent the
varying elasticity of the surrounding network, over a bi-
ologically relevant range [46, 47]. The tension that the
motor generates depends strongly on this elasticity ksp
and saturates for large ksp. This suggests that the motor
is not only able to respond to external forces, but also to
sense mechanical properties of its environment.
Similar results were obtained for different motor mod-
els [28, 29]. However, the models used in those stud-
ies exhibit rates that depend on the strain or tension in
the myosin motor. In our study, we show that this be-
havior also occurs in a simple Brownian ratchet model
with constant chemical rates. It is important to include
the fluctuations in this stochastic model to preserve the
mechanosensing feature. In mean field models, where the
phenomenological force-velocity relation would be im-
plemented deterministically, the motor would essentially
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stall in this given setup and cease to exert a net force on
the filaments. Therefore mechanosensing will not occur
spontaneously in those models. This concludes the main
result of the first part of our study.
It has been shown that mechanosensing takes place on
the cellular scale, where the cytoskeleton is coupled to
the environment through focal adhesions [48, 49].
V. ENERGY BALANCE
Up to this point we have discussed mechanical prop-
erties of myosin II inside various setups mimicking the
acto-myosin cortex. Most of these mechanical proper-
ties emerge from the motor activity, which is driven by
a chemical energy turnover into active tension and ac-
tive movement of polymers and the motor itself inside
the network. This leads to a natural question: “How
efficient is the motor?”.
Presently we formulate a relation for the excess heat
produced by the ATP cycle, that demonstrates its de-
pendency on tension in the system. This relation will be
important in our interpretation of the efficiency in sec-
tion VI B.
We start our discussion from the energy balance on the
level of individual trajectories [50], which can be symbol-
ically summarized as
dE = d¯QhbM +d¯QhbA +d¯WextM +d¯Qchem, (21)
where the energy of the full system consists of the in-
teraction with the ratchet potential (3) and the energy
stored in the ATP molecules that are bound to the motor
heads,
E(xM, xA, {ζi}) = Vt(xM − xA) + ∆E
N−1∑
i=0
χ(ζi = c),
(22)
where ∆E represents the actual internal energy stored by
in a single ATP and χ is a characteristic function [51].
The energy of the system is subject to changes driven
by the interaction with the environment. In the case
of overdamped diffusion, the environment represents a
heath bath and thus every interaction is associated with
a heat exchange [50]
QhbM =
∫
dxM ◦
[
−γM dxM
dt
+
√
2kBTγM
dWM
dt
]
, (23)
QhbA =
∫
dxA ◦
[
−γA dxA
dt
+
√
2kBTγA
dWA
dt
]
, (24)
where the first term is the dissipation of energy due to
the friction and the second term is the energy absorbed
from the thermal activity of the environment. Note that
those integrals are evaluated in the Stratonovich sense.
The energy is also changed by the work of the external
load
WextM = −
∫
dxM ◦ Fload = −∆xMFload, (25)
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Figure 17. Illustration of the time-evolution of the energy
of the system over a single trajectory for Fload = 0. The
red line depicts the internal energy E of the system over the
time (22), black arrows denote the dissipated and obtained
chemical heat (27), resp. (26), and the blue area denote the
total heat dissipated to the heat bath QhbM + QhbA , see (23)
and (24).
where we use the fact that the external load Fload is con-
stant.
The last term in the energy balance (21) is the con-
tribution from the chemical cycle. The chemical cycle of
a motor head, in the most basic form [20, 29, 31, 32],
is a sequence of binding an ATP molecule, its hydroly-
sis, release of phosphor and finally release of ADP. The
first step provides the chemical energy to the system,
stored in ATP, while the next steps are associated with
dissipation of the remaining energy to the surroundings.
Thus the total chemical energy consists of two parts
Qchem = Qchemin +Qchemout ,
Qchemin =
∑
tU≤tfin
[∆E + (c− 1)Vr(xtU)] , (26)
Qchemout = −
∑
tB≤tfin
[∆E + (c− 1)Vr(xtB)] (27)
where we sum over the jump times tB(tU) of all ATP
binding (ADP unbinding) events. tfin denotes the dura-
tion of the process.
Fig. 17 depicts a time evolution of the internal en-
ergy (22) for a single trajectory of the system without
any external load, Fload = 0. Note, that while we can
identify the chemical input and output by the direction
of the jump in the total energy, without any additional in-
formation it is impossible to distinguish which part of the
heat dissipated to the heat bath corresponds to myosin
or to actin. For non-zero load, the heat dissipated to the
heat bath will contain the work of the external forces as
well, which makes the separation in individual compo-
nents even more difficult.
Also note that while expressions (23), (24), (26)
and (27) are independent of the setup, the total energy
balance (21) and the internal energy itself (22) are not.
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A. Load on the motor
In the “load on the motor” setup, we can further sim-
plify the expressions (26) and (27) by using the equation
of motion (1), which will allow us to interpret the excess
chemical heat in terms of the ratchet force (11) and thus
link it to the tension. We start with the heat exchange
of the molecular motor with the surrounding, i.e. (23)
expressed as
QhbM =
∫
dxM ◦ [∇MVt(xM − xA) + Fload]
=
∫
dxM ◦ ∇MVt(xM − xA)−WextM , (28)
where we recognize two terms. The first one is the work
done by the ratchet potential, while the second one is
the work done by an external load (25). Similarly for
the heat dissipated by the polymer’s interaction with the
environment we get
QhbA =
∫
dxA ◦ ∇AVt(xM − xA)
= −
∫
dxA ◦ ∇MVt(xM − xA). (29)
Consequently, the total energy balance equation (21) sim-
plifies to
dE = dxM ◦ ∇MVt + dxA ◦ ∇AVt +Qchemin +Qchemout ,
which does not explicitly depend on the load Fload any-
more. Note that the total differential here is taken in the
Stratonovich sense.
Finally, in the steady state, we can see that the excess
of the chemical cycle in the steady state is dissipated as
the work of ratchet potential (4) over the separation of
motor and filament〈Qchemin +Qchemout 〉
=
〈∫
d (xM − xA) ◦ [−∇MVt(xM − xA)]
〉
, (30)
which can be further interpreted in terms of tension on
the polymer τA, cf. (14), and the relative velocity v;
see (10),
〈Qchemin +Qchemout 〉 = 〈∫ dt v τA〉 . (31)
B. Heat fluxes
The internal energy of the system (22) is bounded.
Hence, if we interpret the energy balance equation (21)
in terms of mean dissipation rates defined as
q = lim
∆t→∞
1
∆t
〈Q(∆t)〉 , (32)
we obtain an equation representing the conservation of
fluxes
0 = qhbM + q
hb
A + w
ext
M + q
chem (33)
for arbitrary initial condition. Such equality is trivially
true for arbitrarily small times when the initial condition
corresponds to the steady state.
C. Alternative setups
In section II we introduced three alternative models,
more suitable for capturing the behavior of myosin mo-
tors inside the polymer network known as the actomyosin
cortex.
1. Load on the polymer
As the “load on the polymer” setup is similar to the
“load on the motor” setup, cf. section II A 1, the en-
ergy balance (21) is preserved with the for heat dissipa-
tion (23) and (24) kept intact and external work on the
motor WextM being replaced by the external work on the
polymer
WextA =
∫
dxA ◦ Fload = ∆xA Fload.
Note, that in this particular setup the load is applied in
the opposite direction, as can be seen from the equations
of motion (7).
Similarly expressions (28) and (29) are modified to
QhbM =
∫
dxM ◦ ∇MVt(xM − xA),
QhbA = −
∫
dxA ◦ ∇MVt(xM − xA)−WextA .
Consequently the excess of the chemical cycle (30)
changes to, cf. (31),〈Qchemin +Qchemout 〉
=
〈∫
d (xM − xA) ◦ [−∇MVt(xM − xA)]
〉
,
which can be again interpreted in terms of the relative
velocity v, cf. (10), and the tension on the motor τM,
cf. (17),
〈Qchemin +Qchemout 〉 = 〈∫ dt v τM〉 . (34)
An argumentation similar to the one used in the previous
setup can be also made here.
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2. Tug of war
In the “tug of war” setup, see section II A 2 and Fig. 4,
the motor is placed between two polymers on which the
load is applied. Therefore the energy balance (21) is mod-
ified to
dE = d¯QhbM +d¯QhbA1 +d¯QhbA2
+d¯WextA1 +d¯WextA2 +d¯Qchem, (35)
where the energy now contains contributions from both
polymers
E(xM, xA1 , xA2 , {ζi}) = Vt(xM − xA2)
+ Vt(xA1 − xM) + ∆E
N−1∑
i=0
χ(ζi = c).
Note, that the last sum is over all heads of the motor,
N = NA1 +NA2 . Contributions from the heat exchange
with the environment (24) remain the same, even though
in this case we have two contributions from both fila-
ments
QhbA1 =
∫
dxA1 ◦
[
−γA dxA1
dt
+
√
2kBTγA
dWA1
dt
]
,
QhbA2 =
∫
dxA2 ◦
[
−γA dxA2
dt
+
√
2kBTγA
dWA2
dt
]
,
and now the external load is not applied on the motor but
on each actin polymer. Hence, equation (25) is replaced
by
WextA1 = −
∫
dxA1 ◦ Fload = −∆xA1Fload,
WextA2 =
∫
dxA2 ◦ Fload = ∆xA2Fload.
Note, that the interpretation of the energy balance (35)
in terms of the heat fluxes (32) while following the same
arguments as for (33) is possible and leads to
0 = qhbM + q
hb
A1 + q
hb
A2 + w
ext
A1 + w
ext
A2 + q
chem.
Similarly to the “load on the motor” setup, we can
express the excess from the chemical cycle in the steady
state as sum of work by the ratchet forces with respect
to their respective displacements,〈Qchemin +Qchemout 〉
=
〈∫
d (xM − xA1) ◦ [−∇MVt(xA1 − xM)]
〉
+
〈∫
d (xM − xA2) ◦ [−∇MVt(xM − xA2)]
〉
. (36)
If we naively assume that relative velocities and ratchet
force are well localized random Gaussian variables, we
can further approximate the excess chemical heat as
〈Qchemin +Qchemout 〉 ≈ T [〈v1〉 〈Fr1〉+ 〈v2〉 〈Fr2〉]
=
T
2
〈v〉 〈τM〉 ,
where the last equality follows from the anti-symmetry
of the mean relative velocities of the motor with respect
to individual polymers in the steady state.
As the previous assumption is far from reality, such
straightforward interpretation of the excess heat is in-
valid. However, if we assume that the displacements in
the respective integrals are typically anti-symmetric, due
to the anti-symmetry of the setup, we can interpret the
excess chemical heat as a covariance of the tension on the
motor (20) with the relative velocity of the motor with
respect to a single polymer (10) integrated over time,
as in equation (31). Note, that in this particular setup
the interpretation in terms of the tension is less straight-
forward in comparison with the “load on the motor” or
the “load on the polymer” setup, because the individual
displacements xM − xA1 and xM − xA2 are subjected to
thermal fluctuations on short time scale. Only on the
long time scale they are anti-symmetric and the tension
relaxes to a steady value.
3. Elastic environment
For the model described in paragraph II A 3 and de-
picted in Fig. 5, the energy balance (21), resp. (35) is
further modified,
dE = d¯QhbM +d¯QhbA1 +d¯QhbA2 +d¯Qchem,
as there is no external load but all the accumulated en-
ergy is now stored in harmonic potentials
E(xM, xA1 , xA2 , {ζi}) = Vt(xM − xA2) + Vt(xA1 − xM)
+
1
2
ksp [xA1 − xA1(0)]2 +
1
2
ksp [xA2 − xA2(0)]2
+ ∆E
N−1∑
i=0
χ(ζi = c).
Contrary to the previous setup, the total energy of the
system is no longer bound, hence the heat fluxes (32) are
only balanced in the steady state.
Finally we look again at the excess output from the
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chemical cycle〈Qchemin +Qchemout 〉
=
〈∫
d (xM − xA1) ◦ [−∇MVt(xA1 − xM)]
〉
+
〈∫
d (xM − xA2) ◦ [−∇MVt(xM − xA2)]
〉
+ ksp
〈∫
dxA1 ◦ (xA1 − xA1(0))
〉
+ ksp
〈∫
dxA2 ◦ (xA2 − xA2(0))
〉
,
which further simplifies to〈Qchemin +Qchemout 〉
=
〈∫
d (xM − xA1) ◦ [−∇MVt(xA1 − xM)]
〉
+
〈∫
d (xM − xA2) ◦ [−∇MVt(xM − xA2)]
〉
+ 〈∆Esp1 〉+ 〈∆Esp2 〉 ,
where Esp denotes the energy stored in the spring;, i.e.,
〈∆Espα 〉 =
1
2
ksp
〈
(xAα(t)− xAα(0))2
〉
.
The interpretation of this excess chemical energy in terms
of the tension is even more difficult than in the “tug of
war” setup (36) due to multiple factors. First, there are
additional terms related to the change of the energy of
the springs. Secondly, the mean velocity of all elements
in the steady state is zero due to the anti-symmetry of
the setup and no additional external force breaking this
symmetry.
VI. EFFICIENCY
In previous years, a lot of effort was directed towards
the assessment of the efficiency of molecular motors [52–
56]. The main focus of these works was towards the trans-
port properties of the aforementioned motors. However
the main role of myosin II is to generate tension in a
cytoskeletal network [7–9].
Efficiency, in general, relates a “useful” output to the
input. As what is considered “useful” heavily depends
on the considered setup, there is a plethora of possible
choices. Here we discuss a common choice as well as
one particular choice which is to the best of our knowl-
edge not discussed previously in the literature. First, we
briefly discuss the most common definition of efficiency,
well discussed in the literature [52–54, 56], which is re-
lated to the transport properties of molecular motors.
Then we provide an alternative definition of the chemical
efficiency, which can be related to the tension generated
by myosin II in networks.
A. Transport efficiency
As we have stated, the first efficiency we discuss is
related to transport properties. In this respect, we iden-
tify the heat dissipated to the environment by the motor
alone as the output work
WoutM = −QhbM
and chemical work Qchem and the work done by the load
WextM . Hence the transport efficiency can be defined as
ηtr =
〈WoutM 〉
〈Qchem〉+ 〈WextM 〉
.
Note that for a large load (Fload → ∞) such efficiency
approaches ηtr → 1, while in absence of a load Fload = 0
it captures how much of the chemical energy is dissipated
by the motor’s motion
ηtr(Fload = 0) =
〈∫
dxM ◦ [−∇MVt]
〉
〈Qchem〉 ,
i.e., how much of the chemical energy provided to the
system is dissipated by the motor and not by the poly-
mer.
Note that this particular definition of the efficiency has
several shortcomings. First, the output work has two
components, one from the chemical source and the second
from the external driving, thus in principle the efficiency
can be greater than one. Secondly, only for long time
scales, in situations where the motor displacement and
ratchet force are to a great extent uncorrelated, one can
relate the output work to the heat dissipated by the drag
force to the medium. This means that in systems where
the motor is frustrated and does not move on average, like
in the “tug of war” and “elastic environment” setups, one
cannot distinguish between various sources of the output
work. Finally, the output work depends on the details
of the ratchet interaction, which renders it practically
immeasurable.
B. Chemical efficiency
An alternative approach is to identify the “useful” out-
put by looking at the chemical energy, supplied by ATP,
that is transformed to other forms of energy, i.e. either
it is dissipated by myosin and actin through their diffu-
sion or it is stored in the interaction potential and thus
increases the tension in the system. This consideration
leads to a novel chemical efficiency defined as
ηchem =
〈Qchemin 〉+ 〈Qchemout 〉
〈Qchemin 〉
. (37)
Note that in the steady state all excess chemical energy
is dissipated to the environment, see section V B, and
thus can in principle be measured by calorimetric tech-
niques [57].
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Figure 18. Chemical efficiency ηchem as a function of load
force Fload. Solid lines are plotted at the level of 1σ. By
increasing the λb the local maxima of chemical efficiencies are
getting closer to the origin, and their fluctuations decrease.
1. Load on the motor
We start our discussion again with the “load on the
motor” setup with a four headed motor, see Fig. 18. We
observe that the chemical efficiency has two local max-
ima. We show later that these two maxima correspond
to a frustrated system, in which the load is close to the
point where it is able to overcome any force induced by
the ratchet potential. Another observation, which we
discuss later in more detail, is that the efficiency reaches
negative values for large loads, which we interpret as work
done by the load Fload that is converted back to chemical
energy.
In order to properly understand these features, we try
to evaluate the chemical efficiency (37) in a steady state.
We start by evaluating the mean heat (26) and (27) pro-
duced over a time interval of length ∆t by transitions of
a single head i displaced with respect to the end of the
motor by id,
〈Qchemin (i)〉 = ∆t λu
×
∑
{ζj}:ζi=1
ρ({ζj}) [∆E − (1− c) 〈Vr(x− i d)|{ζj}〉]
〈Qchemout (i)〉 = −∆t λb
×
∑
{ζj}:ζi=c
ρ({ζj}) [∆E − (1− c) 〈Vr(x− i d)|{ζj}〉]
where 〈V |X〉 is the steady state conditional mean value
with respect to the fixed internal state X and ρ(X) ∈
[0, 1] denotes the probability of the occupation of the
corresponding internal state X in the steady state, which
does not depend on the position due to the independence
of the internal state dynamics (5) on position. Moreover,
due to the independence of individual heads the proba-
bility occupation of a given internal state can be written
as
ρ({ζi}) =
N−1∏
i=0
ρ1(ζi),
where
ρ1(ζ) =
{
λb
λb+λu
ζ = 1,
λu
λb+λu
ζ = c.
Another consequence of the independence of the indi-
vidual heads is that we can express the total mean heat,
produced in the chemical cycle, as a sum of contributions
from individual heads
〈Qchemin 〉 =
N−1∑
i=0
〈Qchemin (i)〉 = ∆t λbλuλb + λu
×
[
N ∆E − (1− c)
N−1∑
i=0
〈Vr(x− id)|ζi = 1〉
]
,
〈Qchemout 〉 =
N−1∑
i=0
〈Qchemout (i)〉 = −∆t λbλuλb + λu
×
[
N ∆E − (1− c)
N−1∑
i=0
〈Vr(x− id)|ζi = c〉
]
,
which leads to a more explicit expression for the efficiency
(37)
ηchem =
1− c
N
×
N−1∑
i=0
〈Vr(x− id)|ζi = c〉 − 〈Vr(x− id)|ζi = 1〉
∆E − 1−cN
N−1∑
j=0
〈Vr(x− jd)|ζj = 1〉
.
We can further introduce an average probability density
over all heads
ρ¯(x, ζ) =
1
N
N−1∑
i=0
∑
{ζj}:ζi=ζ
ρ(x+ id, {ζj}), (38)
and consequently the conditional average probability
density
ρ¯(x|ζ) = ρ¯(x, ζ)
 `∫
0
dy ρ¯(y, ζ)
−1 (39)
which allow us to further simplify the expression for the
chemical efficiency to
ηchem = (1− c)
〈Vr(x)|ζ = c〉ρ¯ − 〈Vr(x)|ζ = 1〉ρ¯
∆E − (1− c) 〈Vr(x)|ζ = 1〉ρ¯
. (40)
We notice that the numerator is given by the average
difference between mean potentials in the ATP attached
and detached states over all heads. As the potential is
known in our model, the only missing information is thus
the steady state distribution or to be more precise the
average steady state density for all heads (38). These
distributions are empirically obtained by collecting the
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Figure 19. Spatial distributions ρ of the motor heads with
respect to the ratchet potential (denoted by dashed black line)
for different load forces Fload. The spatial distribution is taken
as the average over all heads of a given motor in a given inter-
nal state. We observe that heads in the ATP unbound state
follow the potential closely while those in the bound state do
not. Also by increasing the external load, all distributions
universally become flat.
positions of the heads over all times in which the head
was in the ATP bound/unbound state. They are shown
in Fig. 19 for different load forces.
The difference between the average distribution (38) in
the ATP bound state and ATP unbound state is directly
translated to the mean heat flux (32) out of the chemical
system
qchemin + q
chem
out = (1− c)
λbλu
λb + λu
×
[
〈Vr(x)|ζ = c〉ρ¯ − 〈Vr(x)|ζ = 1〉ρ¯
]
, (41)
which is depicted in Fig. 20, where we show the spatial
dependency of the heat fluxes. We can see that a ma-
jor flux is close to the ratchet potential’s minimum (4)
where both the probability density is localized and the
gap is the largest. On the other hand, close to the ratchet
potential’s maximum the heat flux is close to zero. How-
ever, if we compare it to the numerator of the chemical
efficiency (40); see Fig. 21, we can see that a major con-
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Figure 20. Heat flux (41) density, i.e.
∫
dx q(x) = q, for
various loads. We can see that the largest heat flux is around
the ratchet potential (4) minimum, where the gap is largest.
However, the region which contributes to the chemical ef-
ficiency (40) the most is the close to the ratchet potential
maximum; see Fig. 21 where the heat flux is very small.
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Figure 21. Space resolved numerator of the efficiency (40) for
various load forces Fload. We observe that the optimal output
is achieved when there is the biggest discrepancy between
spatial distributions; compare with Fig. 19 and 18.
tribution to the chemical efficiency actually comes from
the region around the ratchet potential’s maximum. This
discrepancy can be interpreted in the following sense:
While most transitions occur close to the ratchet po-
tential’s minimum due to the large probability density,
thus providing a large flux, those particles do not diffuse
far before the next transition, hence the contribution to
the chemical efficiency, associated with the discrepancy
between chemical input and output, is relatively small.
On the other hand, a particle that switched its internal
state close to the potential maximum relaxes relatively
fast, compared to the transition rates, to the vicinity of
the ratchet potential’s minimum and thus creates a larger
discrepancy leading to high contribution to the efficiency.
However these transitions are rare due to the low proba-
bility density and hence the total flux density is relatively
small.
In absence of an external load, Fload = 0, the maxi-
mum of the distribution, see Fig. 19, is close to the mini-
mum of the potential, where the discrepancy in the posi-
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tion comes from the averaging over multiple heads with a
fixed distance between them, which does not match with
the period of the ratchet potential. Also the fact that
the distributions seem to exhibit multiple peaks, can be
attributed to the motor having four heads. Both in the
bound and unbound state, the head can be found pre-
dominantly on the “soft” slope of the ratchet potential.
When the load is increased to Fload = −25 pN, the av-
erage steady state distribution shifts to the right in both
the ATP bound and unbound state. While the distribu-
tion for the ATP unbound state remains peaked around
the potential minimum, cf. Fig. 19, the distribution in
the ATP bound state flattens out and increases around
the potential maximum, which is a trademark of a frus-
trated system. This is due to the potential being less
steep, meaning that heads in that particular state are
more susceptible to external forces, which in this particu-
lar case leads to an increase of η due to the increase in dis-
crepancy between the average distributions, see Figs 18
and 20.
For a load in the opposite direction Fload = 25 pN the
effect on average densities is similar but less pronounced,
see Fig. 20, since the slope of the ratchet potential on the
side is less steep and the distributions get more spread
out, cf. Fig. 19.
For larger loads, distributions shift and flatten even
more, Fig. 19. In the extreme situation, it leads to com-
pletely flat distribution and thus zero efficiency, Fig. 18.
For high loads we also observe a population inversion;
see Fig. 19, where the potential maximum is more oc-
cupied than the potential minimum. This is due to the
effective friction caused by the potential. As the motor
slows down when dragged along the potential gradient,
it spends more time on the up-slope than on the down-
slope of the potential. Such behavior is associated with
a negative efficiency. In Appendix E we have proven this
hypothesis on a system with a single head and we have
shown that the efficiency decays with the force
η  − 1
F 2load
for Fload → ±∞.
2. Dependency on number of heads
If we interpret the dependency of the chemical effi-
ciency (40) on the load as a probabilistic distribution
with finite variance and assume that the main contribu-
tion to the shape, Fig. 18, is from the numerator, by
the central limit theorem the efficiency-load dependency
approached a Gaussian distribution with increasing num-
ber of heads. This is confirmed by Fig. 22, where indeed
the distribution is broadening with an increasing num-
ber of heads and has only a single maximum. It is also
apparent that there is no qualitative difference in chem-
ical efficiency between the system with four heads and
one head. Moreover we can see that the empirical ef-
ficiency has a smaller variance with an increasing num-
ber of heads. From these, we can conclude that there is
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Figure 22. Chemical efficiency of a motor under load with a
variable number of motor heads. The “solid” lines are drawn
on the level of one sigma. We observe that with an increasing
number of heads the efficiency (37) distribution gets broader
and it’s variance decreases. Moreover, for sixteen heads it
became centered without two local maxima.
a significant qualitative difference between motors with
low and high numbers of heads. While the motors with
a high number of heads perform better without any ex-
ternal load, motors with a low number of heads perform
the best when they are frustrated. Thus in-vitro experi-
ments with large myosin II motors [27] do not necessarily
capture the behavior of the motors inside a cytoskeleton.
That is the first main result of the second part of this
study.
3. Load on the polymer
As was already discussed, the situation with the load
on the polymer is almost identical to the “load on the mo-
tor” setup. The main difference is in the notion of what
we perceive as motor or as polymer, cf. section II A 1.
Hence, it is not surprising that the chemical efficiency
(40) as a function of the load Fload resembles the situa-
tion with the load on the motor, see Fig. 23. The main
difference between the curve for the “load on the motor”
and “load on the polymer” setup is the width of the dis-
tribution. This can be understood from equations (30)
and (34), where we see that the excess of the chemical
energy entering the system is proportional to the relative
velocity. In Fig. 28 we observe a different asymptotic be-
havior of the relative velocity by a factor γM/γA, Hence
we expect that the same factor applies in the steady state
for the rate of the excess chemical heat production. That
hypothesis is further confirmed in Fig. 24, where we plot
the chemical efficiency ηchem with respect to re-scaled
load.
4. Tug of war
Fig. 23 and 24 also depict the chemical efficiency η
dependency on the load Fload for the “tug of war” setup,
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Figure 23. Comparison of the chemical efficiency (40) as a
function of the load Fload for the “load on the motor”, “load
on the polymer” and the “tug of war” setups. We observe that
these efficiency profiles differ in the width of the distribution,
while it’s general shape remains the same.
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Figure 24. Comparison of the chemical efficiency (40) as a
function of the re-scaled load F ∗ for the “load on the motor”,
“load on the polymer” and the “tug of war” setups. For
the “load on the motor” setup the re-scaled load is F ∗ =
Fload/γM, while for the “load on the polymer” the re-scaled
load is defined as F ∗ = Fload/γA. Finally, for the “tug of war”
setup we define the re-scaled load as F ∗ = 2Fload/γA, where
the factor 2 comes from the fact that the load is applied once
on each side of the system. We observe that these efficiency
profiles for “load on the motor” and “load on the polymer”
collapse on each other.
cf. Section II A 2. The general shape is preserved. From
Fig. 23, we see that the large load asymptotic behavior
corresponds to the “load on the polymer” setup. That
can be explained by the same asymptotic behavior for
the relative velocity 〈v〉, cf. Fig. 28, and for the tension
on the motor τM, cf. Fig 15, while having equation (36)
in mind.
For small loads, see Fig. 24, the chemical efficiency
for the “tug of war” setup corresponds to the “load on
polymer” setup only when the load is scaled by a factor 2.
This points to the fact that, rather than the external
load Fload, the mean tension on the motor 〈τM〉 generated
by the ratchet interaction is important, which for small
loads, when the polymer does not slip, is close to twice
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Figure 25. The chemical efficiency (40) as a function of the
spring constant ksp. We observe a flat profile.
the external load. We discuss this connection later, see
Fig 27.
5. Elastic environment
In the case of the “elastic environment” setup; see
Fig. 25, we observe that the chemical efficiency (40) is
practically independent of the stiffness of the environ-
ment, ksp. Unfortunately, here we cannot use the same
reasoning as for the “tug of war” setup, as the mean ve-
locity of the motor in the steady state is zero.
6. Tension and chemical efficiency
During the investigation of the chemical efficiency de-
pendency on the external load Fload for the “tug of war”
setup, we discovered that rather than the load, the ten-
sion on the motor τM might be the intrinsic parameter.
However, if we take the results of section V into account,
namely equations (30), (34) and (36), the mean ratchet
force (11) might be a better candidate. Indeed, as seen
in Fig. 26, the chemical efficiency has a universal depen-
dency on the mean ratchet force across all setups.
For a small mean ratchet force, caused either by a small
external load Fload or a small stiffness of the surround-
ing network ksp, the chemical efficiency has a relatively
flat profile with weak positive response to an increase in
tension. This can be explained by perturbations in the
steady state average probability density for the motor’s
heads and was discussed in more details in section VI B;
see equations (40) and (41), and Figs. 19 and 20.
With increasing load, both positive and negative, the
mean ratchet force on the motor in the “load on the poly-
mer”, “load on the motor” and “tug of war” setups in-
crease up to a certain threshold. There, the polymers
start to slip with respect to the motor and a further in-
crease in the driving leads only to a decrease in the mean
ratchet force and thus to a decrease in the tension (19)
and (20) as well. This creates a second branch of the
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Figure 27. The chemical efficiency (40) as a function of
the tension in the motor 〈τM〉. The efficiencies in all setups
agree for small tensions. The behavior when the motor is not
directly loaded is qualitatively very similar. The discrepancy
lies in the different amplitudes of the tension, cf. Fig. 15.
dependency for the slipping motor. For the “tug of war”
setup the threshold value is lower than for the “load on
the polymer” setup due to the interaction mediated by
two ratchet potentials, as for the complete motor to slip
it is sufficient if only one of the ratchet interactions on
either side of the motor fails.
Note that a similar discussion for the “elastic envi-
ronment” setup is highly non-trivial, as shown in sec-
tion V C 3. However, the dependency of the efficiency
on the mean ratchet force follows a common pattern and
agrees with the results of the other setups.
As the mean ratchet force is not directly measurable
in comparison with the tension on the motor, we plot the
chemical efficiency as a function of the tension in the mo-
tor for all the setups mentioned above; see Fig. 27. Here
we can see a deviation from a universal behavior, most
notably for the “load on the motor” setup, where there is
always a residual tension from the load alone (16). Also
note that in the “tug of war” setup the threshold value
of the tension for motor to slip is larger than in other
setups due to two contributions from the mean ratchet
force to the tension, one at each respective side of the
motor. These considerations complement the discussion
that related the excess chemical energy with the build
up tension in the motor, or more precisely with the ad-
ditional tension created by the ratchet interaction, see
discussion related to equations (31), (34) and (36).
In the end, we can conclude that the additional ten-
sion caused by the ratchet potential, or in other setups
representing the tension in the motor itself, is the true
intrinsic quantity that determines the chemical efficiency
of the molecular motor.
VII. CONCLUSIONS
In this paper we introduced a scaled-ratchet model,
which is a variant of a Brownian ratchet. With this
model, we were able to reproduce experimental values
for velocities and stall-forces of the myosin II molecular
motor. We inspected the dependency of these quanti-
ties on the ATP binding rate λb, which can be linked to
the ATP concentration itself, and on the scaling factor
c, that models the screening of the interactions by ionic
concentrations in the inter-cellular environment. We also
revisited the force-velocity relation for small non-muscle
myosin II motors and investigated how it depends on λb
and on the number of heads of the motor N . From that,
we inferred that, from a mechanical point of view, there
is hardly any difference between the myosin motor with
as little as four heads and a motor with a large number
of heads.
Recently it was found that the main role of myosin II
motors is not in active transport, but rather in the gen-
eration of tension inside large networks. In order to cap-
ture the behavior of the motor in such an environment,
we studied mechanical quantities like the mean ratchet
force and the tension in the motor for multiple setups
mimicking to various degrees the motor inside such a
network. We observed that for large loads, the motor
will slip over the filament track. Consequently, the force
from the ratchet potential, and the tension generated by
it, will vanish. The decay of the ratchet force corresponds
to the theoretical result, obtained by a perturbative ex-
pansion around infinitely large loads.
In addition, the motor’s ability of mechanosensing nat-
urally emerges from the model without imposing a load-
dependence on the chemical rates. The main result is
that all dynamical aspects follow solely from the contin-
uous, mechanical ratchet interaction between the motor
and actin filament.
The traditional way of how to evaluate the efficiency
of molecular motors is with respect to the efficiency of
the transport along the actin filament. However, such
a quantity is unsuitable for motors inside large polymer
networks where there is little to no mean displacement
of the motor. Here we propose an alternative which we
call chemical efficiency, that quantifies the fraction of en-
ergy, supplied by ATP hydrolysis, that is consumed in
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the diffusion processes of the myosin II motor and actin
filament. This energy is partially used in the movement
of the motor along the actin filament or in the build-up of
tension in the motor, depending on the setup. We have
shown that, contrary to the mechanical study, a signifi-
cant qualitative difference in the behavior of the motor
with a high or low number of heads is present. The main
conclusion is that motors with a small amount of heads
perform most efficiently when they are frustrated, a treat
which is missing in motors with large number of heads.
We further observed, that for large loads, the chemical
efficiency becomes negative, which can be interpreted as
the energy that is being drained from the external driv-
ing to the chemical cycle. That behavior was confirmed
by perturbative calculations, that also predict that the
efficiency decays to zero for even bigger loads.
Finally, it seems that this chemical efficiency has a uni-
versal dependency on the mean ratchet force, indepen-
dently of the considered setup, which is directly related
to the tension the motor experiences.
In summary, we have shown that the scaled ratchet
model, introduced in this paper, is naturally capable of
covering various biologically relevant treats like the non-
linear force velocity relation, its mechanosensing ability
and the fact that the motor’s chemical efficiency reaches
a maximal value under load.
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Appendix A: Force – velocity relation for alternative
setups
In Fig. 28 we compare the force-velocity relation of
the “load on the motor” setup with alternative setups,
namely with the “load on the polymer”, cf. Section II A 1
and the “tug of war”, cf. Section II A 2. Note that for
the “tug of war” setup we have two equivalent choices for
the relative velocity, however due to the symmetry of the
setup, cf. Fig. 4, in the steady state these options differ
only by sign, hence we define the relative velocity (10) as
〈v〉 ≡ 〈dxM〉
dt
− 〈dxA2〉
dt
= −
( 〈dxM〉
dt
− 〈dxA1〉
dt
)
.
For small loads, the mean relative velocity 〈v〉 of the mo-
tor with respect to the polymer remains close to each
other in all setups. However, for high loads a clear dif-
ference in their asymptotic behavior becomes apparent.
When the load is applied to the motor the relative ve-
locity goes to −Fload/γM. For the setups where the load
is applied to the filaments, the relative velocity goes to
−Fload/γA with increasing load.
In the inset of Fig. 28, the force-velocity relations are
plotted on rescaled x-axes for the different setups, which
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Figure 28. Mean velocity 〈v〉 of the motor with respect to
the filament, as a function of the load force Fload for different
various setups. For large loads, the curves approach either
−Fload/γM or −Fload/γA, depending on whether the load is
applied to the motor or to the polymer. Insert: Force-velocity
plotted with rescaled x-axes, Fload → −Fload/γM for the “load
on the motor” setup and Fload → −Fload/γA for the “load on
the filament” and the “tug of war” setup.
takes the difference in their asymptotic behavior into ac-
count. Thus, the “load on the motor” setup is plotted
with respect to −Fload/γM instead of Fload, while the
other setups are plotted with respect to −Fload/γA. The
curve for the simplest setups, with one motor and one
polymer, collapse in this plot, confirming the fact that
they can be mapped onto each other by switching fric-
tion coefficients γM ↔ γA and reversing the relative ve-
locity. However, the “tug of war” setup manifests a clear
difference for mid-range loads due to the more complex
interaction with two polymers.
Appendix B: Velocity with respect to medium
We have investigated the relative velocity of the myosin
and actin polymer (10) in Section III B. Here we provide
a study whether it is the motor that is moving with re-
spect to the medium or rather the actin polymer that is
being pushed back through the medium. In order to find
the dependency between individual velocities and rela-
tive velocity in the “load on the motor” setup, we start
by taking expectation values of their equations of motion,
cf. equations (1) and (2),
γM〈vM〉 = 〈dxM〉
dt
= 〈Fr〉 − Fload, (B1)
γA〈vA〉 = 〈dxA〉
dt
= −〈Fr〉, (B2)
where Fr denote ratchet force (11). Next, we express the
mean relative velocity (10) in terms of the mean ratchet
force 〈Fr〉 and the external load Fload
〈v〉 = 〈vM − vA〉 = γA + γM
γAγM
〈Fr〉 − 1
γM
Fload, (B3)
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Figure 29. Mean velocities of the motor and actin filament
with respect to an inertial frame of reference for λb/λu = 2.
We observe that only the myosin is moving while the velocity
of the dragged actin filament decreases as we increase the load
on the myosin motor. Inset: Zoomed to the linear regime
around the origin.
which leads to individual velocities expressed in terms of
the mean relative velocity and load
〈vM〉 = 1
γA + γM
(γA〈v〉 − Fload) , (B4)
〈vA〉 = − 1
γA + γM
(γM〈v〉+ Fload) . (B5)
Note, that for the load equal the stall force, Fload =
Fstall, both velocities are equal and non-zero. This is
related to the fact that the full system is moving with re-
spect to the liquid, as can be seen from the mean velocity
of the geometric center
〈vcenter〉 =
〈
vM + vA
2
〉
=
=
γA − γM
2(γA + γM)
〈v〉 − 1
γA + γM
Fload,
which is proportional to both the load and the relative
velocity and is zero only when 〈v〉 = 2Fload/(γA − γM).
Also note, that the ratchet force is bounded by
− NV
`(1− a) ≤ Fr ≤
NV
`a
, (B6)
cf. equations (4) and (3), which means that there is a
maximal portion of the load that the ratchet interaction
can transmit from the motor to the polymer and thus
there exists an upper and lower bound for the polymer’s
velocity (B2). That is seen in Fig. 29 depicting the indi-
vidual velocities as a function of the external load Fload,
where the polymer’s velocity is clearly bounded.
For small loads, the motor and actin filament are mov-
ing together, as the coupling by the ratchet interaction
proves to be dominant. This hypothesis can be further
supported by the linear dependency of equations (B4)
and (B5) on the load, which is due to the fact that for
small loads also the mean relative velocity (10) is linear
in the load; see Fig. 8. Moreover as the mean velocity’s
response to the external force is typically very small com-
pared to the direct contribution from the external load
to the individual velocities, we can further approximate
them by
〈vM〉 ≈ − Fload
γA + γM
+
γA
γA + γM
〈v〉Fload=0 ,
〈vA〉 ≈ − Fload
γA + γM
− γM
γA + γM
〈v〉Fload=0 .
Such a response is depicted in the insert of Fig. 29, where
the shift in individual velocities caused by the relative
velocity for very small loads is constant.
Since the load is only applied to the motor in this
setup, for very high loads, the motor will start slip-
ping over the ratchet potential along the actin filament.
Consequently, the actin filament’s mean velocity will
stop increasing and eventually approaches zero, while the
myosin motor’s mean velocity goes to 〈vM〉  Fload/γM
as can be seen in Fig. 29. This is due to the fact that the
asymptotic behavior of the relative velocity is
〈v〉  −Fload
γM
,
which can be obtained directly from equation (B3) as
the contribution from the ratchet force is bounded. The
asymptotic behavior for the motor and the polymer fol-
lows from equations (B4) and (B5) for 〈v〉 = −Fload/γM.
From there it is also apparent that the relative mean ve-
locity in the limit of infinitely large load Fload → ±∞
will be equal to the motor’s velocity 〈vM〉. That agrees
well with the data previously shown in Fig. 8.
Appendix C: Mean ratchet force
In Fig. 30 we show, that the mean ratchet force in
the “load on the polymer” setup for small loads is lin-
ear and independent of the chemical rates and hence of
the ATP concentration. In this regime the motor hardly
moves along the filament and the load is almost com-
pletely countered by the mean ratchet force, i.e. it acts
as a friction force. With increasing load, the force gener-
ated by the ratchet interaction will reach a maximal value
and eventually decay for larger external load forces. In
appendix E, cf. equation (E7), we show that the friction
provided by the ratchet will go to zero as the load goes
to infinity as
|〈Fr〉Fload→∞| 
1
Fload
, (C1)
which is depicted in Fig. 31.
Note that while there are natural bounds on the
ratchet force due to the shape of the ratchet potential, see
equation (B6) in appendix B, here we have shown that
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For small loads, the ratchet force completely counter to load,
hence the linear regime around Fload = 0 goes like
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Figure 31. The ratchet force, depending on the load, is
shown in a logarithmic plot. We can see that the ratchet force
asymptotically decays according to the power law Feff ∝ F−αload,
with exponent determined from the fit to be α = 0.9990 ±
0.0047, which is in good agreement with the theoretical pre-
diction (C1).
the minimal and the maximal ratchet force are compa-
rable to these theoretical bounds. Compare this to the
maximal tension the motor is able to withstand before it
start to slip in section IV B.
Appendix D: Local minimum of the chemical
efficiency
Another trait of the chemical efficiency curves are the
local minima around Fload = 0. This can be understood
from equation (40), which is determined by the ratchet
potential averaged with the heads’ distribution in the at-
tached and detached state. For a one headed motor, these
distribution will both be peaked around the minimum of
the ratchet potential. In fact, these distributions will be
given by the Boltzmann distribution
ρ0(x, ζ) =
1
Z(ζ)
e−βζVr(x)
in the lowest order of approximation, as the binding and
unbinding rates operate on much longer time scale than
the relaxation governed by the diffusion. From this point
of view, ATP binding is effectively equivalent to an in-
creasing of the temperature of the heat bath T → Tc .
Hence the distributions for the ATP bound state are
broader and the expectation value of Vr will be bigger
than in the attached state and η will be positive.
Now if we apply a small external force, those distribu-
tions will be slightly perturbed. Following the McLennan
formula [58] we obtain
ρ∗(x) ∼ e−β[Vr(x)+Fload(x−xmin)]
≈ ρ0(x) [1− βFload (x− xmin)]
close to the potential minimum xmin, i.e. V (x) ≥
V (xmin). This leads, for small Fload, to a shift of the
distribution ρ in the opposite direction of the load as can
be seen from
〈x〉ρ∗ = xmin + 〈x− xmin〉ρ∗
≈ xmin + 〈x− xmin〉ρ0 − βFload
〈
(x− xmin)2
〉
ρ0
= 〈x〉ρ0 − βFload
〈
(x− xmin)2
〉
ρ0
. (D1)
From the previous equation it follows that a more spread-
out distribution will be affected more by the force. This
means that in our case the ATP bound state will be
more affected. A larger displacement of the distribu-
tion, away from the potential’s minimum, means that the
mean ratchet potential in the ATP bound state 〈Vr|ζ = c〉
will increase more than the mean ratchet potential in the
ATP unbound state 〈Vr|ζ = 1〉 and hence the chemical
efficiency (40) has to increase.
This argument can be further supported by Jensen’s
inequality. The ratchet potential is convex close to its
minimum. Moreover, we have seen in Fig. 19 that the
probability distribution for small loads is well localized
around it’s mean value. Hence we can concur that the
Jensen’s inequality will hold for sufficiently small loads
Vr(〈x|ζ〉) ≤ 〈Vr(x)|ζ〉,
where the lower bound on the expectation value of the
ratchet potential (4) is given by the value of the ratchet
potential at the mean position of the heads in a given
state. Consequently, any shift in the mean position of the
heads due to the external force shifts the lower bound for
the mean value of the ratchet potential itself. Further-
more, in the ATP bound state the mean position will
be further away from the minimum of the ratchet poten-
tial (D1) so the lower bound is higher than in the ATP
unbound state. Therefore, as the distribution is well lo-
calized around the minimum, the shift in the lower bound
for the potential represents a shift in the mean value as
well.
For a four headed motor, the distributions of the heads
at zero load are not exactly peaked around the minimum
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of the potential. This is due to the fixed distance between
each head, which does not correspond to the period of the
ratchet potential. Therefore the local minimum of ηchem
lies not exactly at, but close to, Fload = 0; see Fig. 18.
Appendix E: Perturbative treatment
Here we show that the chemical cycle must extract
energy from the ratchet potential in the system with one
head for large load forces, i.e. the chemical efficiency
(40) must be negative. We show this by calculating the
perturbative corrections to the probability density of the
position of the motor with respect to the actin filament
in the regime of large load Fload →∞, both in the ATP
bound and ATP unbound state.
First, we assume that the relaxation time of the posi-
tion in a given potential is much shorter than the typical
time between jumps in the chemical state of the heads.
This effectively leads to time scale separations, thus the
conditional probability distribution (39) is given as a
steady state solution of the corresponding Fokker-Planck
equation in a given state ζ
0 = − 1
γM
∂M [(Fload + ζ∂MVr(xM − xA))µ (xM, xA)
+kBT∂Mµ (xM, xA)]
+
1
γA
∂A [ζ∂MVr µ(xM, xA)− kBT∂Aµ (xM, xA)] .
If we change the variables to describe the geometric cen-
ter xC and the distance between motor and actin ∆x
xC =
1
2
(xM + xA),
∆x = xM − xA,
a more convenient version of the Fokker-Planck is ob-
tained
0 = − ∂∆
[(
1
γM
Fload +
(
1
γM
+
1
γA
)
ζ∂Vr(∆x)
)
µ
+
(
1
γM
+
1
γA
)
kBT∂∆µ
]
− 1
2
∂C
[(
1
γM
Fload +
(
1
γM
− 1
γA
)
ζ∂Vr(∆x)
)
µ
+
1
2
(
1
γM
+
1
γA
)
kBT∂Cµ
]
.
If we integrate over all possible position of the center as
our focus in this appendix is on the steady state distri-
bution of the relative position of the motor and actin,
which completely determines the mean value of both the
ratchet potential and the relative velocity, we obtain a
reduced Fokker-Planck equation just for the aforemen-
tioned displacement (x ≡ ∆x further on)
0 =
1
γ∗
∂x [(F
∗ − ζ∂xVr(x)) ρ(x)− kBT∂xρ(x)] , (E1)
where Vr is the ratchet potential (4) and
γ∗ =
γMγA
γM + γA
,
F ∗ = − γA
γM + γA
Fload.
(E2)
The first step is expressing equation (E1) in terms of
 = (F ∗)−1 instead of load force fload, which makes it
more convenient for the expansion
∂x [ρ(x)−  (ζ∂xVr(x)ρ(x) + kBT∂xρ(x))] = 0 (E3)
Due to the periodical boundary conditions, the zeroth
order approximation correspond to the flat distribution,
i.e. ρ0 =
1
` . Note that at the leading order the condi-
tional probability density is independent of the internal
state ζ, thus the chemical efficiency (40) is zero.
For the first order solution we start with an ansatz
ρ1 = ρ0 + δρ1. When inserted into (E3) we get
δρ1 =

`
∂xVr + C
where C is an integration constant. Due to the normal-
ization
1 =
`∫
0
dx ρ1(x), (E4)
and periodicity of the ratchet potential (4) the aforemen-
tioned integration constant has to be equal to 0.
Note, that the first order correction does not contribute
to calculations of 〈Vr|ζ〉ρ
〈Vr|ζ〉δρ1 =
`∫
0
Vr(x) δρ1(x) dx
∝
`∫
0
Vr(x) ∂xVr(x) dx =
1
2
`∫
0
∂xV
2
r (x) dx = 0
where we again used the fact that the ratchet potential
Vr(x) is periodic.
Consequently, we need to calculate the second order
correction δρ2. Starting from the ansatz ρ2 = ρ1 + δρ2
in (E3) and keeping up the terms up to quadratic order
in , we find
δρ2 =
2
`
[
(ζ∂xVr)
2 − kBTζ∂2xVr
]
+ C ′.
Again by requiring the normalization (E4), the integra-
tion constant C ′ can be determined
1 =
`∫
0
ρ2(x) dx
= 1 +
2
`
`∫
0
[
(ζ∂xVr(x))
2 − kBTζ∂2xVr(x)
]
dx+ `C ′,
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Figure 32. Empirical probability density for large loads for
motor with single head in an ATP unbound state compared
with the theoretical prediction (E6).
which leads to
C ′ = −
2ζ2
`2
`∫
0
(∂xVr(x))
2
dx. (E5)
Now the density up to second order is given by
ρ2(x) =
1
`
{
1 + ζ∂xVr(x)
+ 2ζ2
(∂xVr(x))2 − 1
`
`∫
0
(∂yVr(y))
2
dy

− 2ζkBT∂2xVr(x)
}
. (E6)
Note that up to the quadratic order in  the conditional
probability density depends on the ratchet potential only
through a first or second order derivatives. Therefore
the density will appear as a piece-wise constant func-
tion on x ∈ [0, `], with different values for x < a` and
x > a`. This trend can already be seen in the empirical
density obtained from simulations for large load forces
F ∗ = ±250 pN in Fig. 19, and is further demonstrated
on motor with a single head in Fig. 32.
With the second order correction, we can now calculate
the change in the expected value of the potential energy
〈Vr|ζ〉δρ2 =
`∫
0
Vr(x) δρ2 dx
=
2ζ2
`
`∫
0
Vr(x) (∂xVr(x))
2
dx
− 
2ζ2
`2
`∫
0
Vr(x) dx
`∫
0
(∂yVr(y))
2
dy
− 
2ζkBT
`
`∫
0
Vr(x) ∂
2
xVr(x) dx.
After tedious but straightforward calculation we found
that the first two terms will cancel each other. Hence only
the last term remains, which after an explicit calculation
leads to
〈Vr|ζ = 1〉ρ2 =
V
2
+
kBT
(F ∗)2
V 2
a (1− a) `2 ,
〈Vr|ζ = c〉ρ2 =
V
2
+
kBT
(F ∗)2
cV 2
a (1− a) `2 .
By using these expression we get the chemical effi-
ciency (40) up to the second order in 
ηchem = − (1− c)
2
a(1− a)
kBT
∆E − (1− c)V2
(
V
`F ∗
)2
= − (1− c)
2
a(1− a)
kBT
∆E − (1− c)V2
[
(γA + γM)V
γA`Fload
]2
.
As was advertised, the zeroth and linear order in  do not
contribute, the chemical efficiency decays towards zero as
F−2load and it is negative for large loads independently of
the direction of the load. The symmetry for of the chemi-
cal efficiency ηchem is for large loads confirmed in Fig. 18.
The fact that the chemical efficiency is negative in this
regime, means the driven system builds up a chemical
energy in the environment, while the external force is
performing work on the system. Also note that in the
expression for the chemical efficiency, the ratio between
the amplitude of the ratchet potential V and the work
done by the external force over a period of the potential
`F ∗ appears in the formula, as well as the ratio between
the thermal energy kBT and the mean energy gap be-
tween the attached and detached state.
In addition we can compute the steady state proba-
bilistic current in each respective internal state. The
probabilistic current is given by
J (x) = 1
γ∗
[(F ∗ − ∂xVr(x)) ρ(x)− kBT∂xρ(x)]
Which simplifies in the second order in the large load
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regime to
J (x) = F
∗
γ∗`
− ζ
2
F ∗γ∗`2
`∫
0
(∂xVr(x))
2
dx
=
F ∗
γ∗`
− ζ
2V 2
γ∗F ∗`3a(1− a) ,
which is independent of the position. Note, that the cur-
rent integrated over the period of the ratchet potential
`, represents the mean velocity of the motor in the given
state
〈v|ζ〉 =
`∫
0
dx J (x) = F
∗
γ∗
− ζ
2V 2
γ∗F ∗`2a(1− a)
= −Fload
γM
− (γM + γA)ζ
2V 2
γMγAFload`2a(1− a) . (E7)
Indeed, the dominant term for large external forces is
〈v〉ρ0 = −Fload/γM independently of the internal state,
which was already demonstrated in Fig. 8. Furthermore,
the force-independent term (i.e. term proportional to
F 0load) vanishes leading to an anti-symmetric form with
respect to the load Fload. The first correction decay
linearly in the external load, which was clearly seen in
Fig. 31, which exposes the first correction to the mean
velocity, cf. equation (12). As there is no fundamen-
tal difference in the Fokker-Planck equation for one head
and for four heads regarding the currents for large driv-
ing forces, the result obtained for a one-headed motor
also holds for the simulations of motors with four heads.
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